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Various fatal neurodegenerative disorders are caused by
altered metabolism of the prion protein (PrP). These
diseases are typically transmissible by an unusual
‘protein-only’ mechanism in which a misfolded isomer,
PrPS¢, confers its aberrant conformation onto normal
cellular PrP. An impressive range of studies has investi-
gated nearly every aspect of this fascinating event; yet,
our understanding of how PrPS¢ accumulation might
lead to cellular dysfunction and neurodegeneration is
trifling. Recent advances in our understanding of normal
PrP biosynthesis and degradation might have unexpect-
edly shed new light on this complex problem. Indeed,
our current understanding of normal PrP cell biology,
coupled with a growing appreciation of its complex
metabolism, is providing new hypotheses for PrP-
mediated neurodegeneration.

Transmission versus neurodegeneration in prion
diseases
Prion diseases are a class of invariably fatal protein mis-
folding diseases that cause neurodegeneration in various
mammals including humans [1-3]. Examples include
sheep scrapie, bovine spongiform encephalopathy (BSE),
Kuru, Creutzfeldt-Jakob Disease (CJD) and Gerstmann-
Straussler-Scheinker syndrome (GSS). The etiological
agent of these pathologies is the prion protein (PrP), a
widely expressed nonessential cell-surface glycoprotein of
unclear function. Unique among protein-misfolding dis-
orders, prion diseases are typically transmissible. The
transmissible agent is composed primarily, if not exclu-
sively, of a misfolded form of PrP termed PrP®¢ (Box 1). The
most widely accepted model is that PrP® is misfolded in
such a manner that it is capable of interacting with and
converting normal cellular PrP (termed PrP®) into the
PrPS° conformation. Continued rounds of ‘replication’ con-
comitant with ongoing PrP¢ production by the host cell
leads to PrP% accumulation, thereby generating
additional transmissible agent. The conformational con-
versions of PrP and analogous ‘infectious proteins’ in yeast
[4] have been extensively studied, revealing a cogent
framework for the mechanism of ‘protein-only’ disease
transmission. In striking contrast, the downstream con-
sequences of PrP5¢ production that lead to the observed
neurodegenerative phenotype are very poorly understood.
The two most obvious consequences of prion replication
are the relative depletion of PrP® and the accumulation
of PrP5°. However, numerous studies argue that neither
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an acute loss of PrP€ nor direct cellular toxicity of PrPS
provides a fully satisfactory mechanism of neurodegenera-
tion (Box 2). Indeed, it is now apparent that PrP5 is not
intrinsically toxic to cells if they do not actively express
PrPC, despite the fact that Prnp-null cells are not impaired
in PrP®° internalization [5]. Conversely, several rare
familial diseases caused by PRNP mutations are poorly
or non-transmissible and cause little or no PrP®° accumu-
lation [6-8].

These non-transmissible inherited disorders are perhaps
better thought of as ‘proteinopathies’, analogous to numer-
ous other diseases caused by the generation of a misfolded
protein. Although one might argue that neurodegeneration
caused by such genetic variants are mechanistically unre-
lated to transmissible prion diseases, both types of disease,
nonetheless, involve the same protein and share many
pathological phenotypes [6,9]. Thus, apparently non-trans-
missible diseases caused by PRNP mutations could be
related to PrP5*-mediated neurodegeneration. It is, there-
fore, reasonable to expect that the study of familial
PrP-mediated ‘proteinopathies’ will provide some insight
into the more complex transmissible prion diseases, in
which high levels of biochemically intractable PrPS
accumulation complicates several analyses. By analogy,
key insights into other complex diseases including Alzhei-
mer’s, Parkinson’s, breast cancer and diabetes have come
from the study of comparatively rare, seemingly unusual
inherited variants that eventually proved to be relevant
(sometimes indirectly) to the more common, but less tract-
able, sporadic disease.

PrP biosynthesis, trafficking and degradation

A common theme among almost all protein-misfolding
diseases is the generation of an aberrant product owing
to a problem in the normal biosynthesis, folding, proces-
sing, trafficking or quality control of either a specific
protein or proteins in general [10]. Thus, understanding
the proteinopathies caused by PrP almost certainly will
require a detailed quantitative understanding of its nor-
mal metabolism. Deviations from these events that have
detrimental effects can then be identified, studied and
manipulated to determine their broader role in disease
pathogenesis.

As a typical cell-surface glycoprotein, PrP is first
imported into the endoplasmic reticulum (ER) [11], where
nascent PrP is processed, glycosylated, modified by a
C-terminal glycosylphosphatidyl inositol (GPI) anchor
and properly folded before transport to the Golgi [12]. As
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Box 1. Nomenclature of PrP forms
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Box 2. Relationships between PrPS° and neurotoxicity

Classically, PrP¢ denoted normal cellular PrP, whereas PrPS°
denoted the scrapie form associated with the transmissible agent,
a prion. As the ‘protein-only’ hypothesis gained increasing experi-
mental support, PrPS¢ was typically equated with the transmissible
prion. By this definition, PrPS¢ has a conformation capable of
converting PrP® to additional PrP® molecules. The earliest studies
correlated PrPSC with a high degree of protease resistance, relative
insolubility, high B-sheet content and fibril-forming capacity. Over
time, however, it has become clear that many PrP conformations
(i.e. ‘strains’) with converting capacity merit the designation of
PrPS¢. Unfortunately, none of the biochemical features that initially
characterized PrPS¢ are unique and, conversely, not all PrPS° ‘strains’
have all of these features. As a result, the literature contains
considerable variation in nomenclature. For example, PrP-sen and
PrP-res are used to denote forms that are sensitive or resistant to
protease digestion. Yet, because there are countless ways for PrP (or
any protein for that matter) to be sensitive or resistant to protease
digestions, PrP-sen and PrP-res do not refer to specific forms of PrP;
rather, they are biochemical descriptors. To minimize confusion, we
use the following nomenclature and definitions:

PrPC: this is the major (most abundant) normal cellular form of
PrP characterized by its glycosylated, GPl-anchored, cell-
surface locale and trafficking through the secretory and
endocytic pathways. Its normal function is poorly under-
stood.

PrPS%: by definition this is the transmissible agent with a
conformation capable of converting PrP€ to additional PrPS®
molecules. Its deposition and accumulation are not intrin-
sically toxic; instead, it causes pathology in only some cell
types, and these must express PrP€.

Ctmprp: this refers to a transmembrane form in which the N
terminus resides in the cytoplasm, the C terminus faces
the exoplasmic environment and a central hydrophobic
domain (residues ~112-135) spans the membrane. Its
increased generation in mice causes neurodegeneration.

Ntmpp: this refers to a transmembrane form in which the C
terminus resides in the cytoplasm, the N terminus faces
the exoplasmic environment and a central hydrophobic
domain (residues ~112-135) spans the membrane. It has
been observed only in vitro; therefore, its role, if any, in
neurodegeneration is unknown.

cyPrP: this refers to PrP molecules in the cytosol, irrespective of
their origin. Forced generation of this form at higher than
normal levels leads to neurodegeneration in mice.

PrP: this term will be used when not referring specifically to any
of the forms above.

it transits the Golgi stacks, PrP receives various additional
modifications to its glycans and GPI anchor and is then
exported to the cell surface. This mature cell-surface PrP
can be endocytosed (possibly by multiple mechanisms
including clathrin-coated pits and caveolae [13]) to internal
endosomal compartments, from where it is either recycled
to the cell surface or routed to lysosomes for degradation.
Thus, the majority of PrP follows the traditional exocytic
pathway to the cell surface and the endocytic pathway for
turnover in the lysosome (Figure 1). In a typical cell, PrP
biosynthesis and trafficking to the cell surface takes
around 30 min, whereas it undergoes degradation with a
half-life of ~3-6 h [14,15].

However, each of these biosynthetic, maturation, sort-
ing, trafficking and degradation steps is presumably lim-
ited in their efficiency (after all, no biochemical process is
100% efficient). Thus, minor populations of PrP must
follow non-canonical (and, in many cases, presumably
aberrant) pathways. Such typically minor ‘aberrant’
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Conversion of PrP® to PrPS° leads to neurodegeneration. However,
neither PrP€ depletion nor direct toxicity of PrPS® provides a fully
satisfactory mechanism for neuronal death. No obvious neurode-
generative phenotypes have been observed in either germline or
post-natal knockouts of the Prnp gene in mice [68-70]. Furthermore,
depletion is unlikely to be complete during prion infection because
PrP€ is a requisite substrate for PrPS¢ replication. Thus, although
PrP¢ depletion could be a (minor) contributing factor, it is usually
accepted that a toxic ‘gain of function’ by PrPS¢ is the primary
mechanism of pathogenesis. However, several elegant studies
argue persuasively against PrPS¢ being intrinsically toxic to cells.
First, brain-grafting studies showed that PrPS¢ produced at high
levels by grafted normal brain tissue had no pathological effects on
directly adjacent brain tissue derived from Prnp-null mice (despite
considerable PrPS¢ deposition [71] and the ability of Prnp~'~ cells to
internalize PrPS¢ [5]). Second, Prnp*'~ mice survive prion infection
considerably longer than wild-type mice, despite accumulating
PrPS¢ to the same high levels and with indistinguishable kinetics
[72]. Third, an inducible knockout system was used to show that
acute neuronal depletion of PrP¢ precluded and even reversed the
pathologic effects of PrpSe deposition [73,74]. And, finally, infection
of mice expressing ‘anchorless’ PrP led to PrPS¢ propogation and
accumulation without overt neurotoxicity [75]. Thus, PrPS¢ is not
intrinsically toxic to cells if they do not actively express PrPC.

Conversely, there seem to be many ways in which PrP can be
neurotoxic in the absence of PrPS¢. These include several familial
PRNP mutations [6-8], artificial Prnp mutations that cause neuro-
degenerative syndromes in mouse models [18,37,38,44] and PrP
constructs lacking the HD [76-78]. These non-transmissible dis-
orders are perhaps better thought of as ‘proteinopathies’, analogous
to numerous other diseases caused by the generation of a misfolded
protein. Although their relationships to transmissible prion disease
are unknown, these observations indicate that PrP species other
than PrPS¢ can be neurotoxic and could have a role in disease. In
addition to the pathways described here (involving altered PrP
biosynthesis and mislocalization), other possible mechanisms
involving aberrant signaling by PrP and putative toxic oligomeric
PrP species have been reviewed elsewhere [2,79,80].

species are usually not observed and are difficult to
quantify, largely owing to robust and vigorous quality
control systems that promptly recognize and dispose of
them. Recently, an increasing appreciation of cellular
quality control systems and the generation of precise tools
for their manipulation and analysis have enabled various
minor species to be uncovered.

Insights into PrP translocation from in vitro studies
Some of the earliest studies that showed heterogeneity in
PrP biosynthesis involved in vitro systems that reconsti-
tuted the initial PrP translocation process at the ER.
Oddly, subpopulations of PrP (varying from <10% to
>50%), rather than being fully translocated into the
lumen, were either retained in the cytosol or made as
partially translocated transmembrane proteins [16-18].
Because none of these forms was readily observed in vivo,
these minor species were considered to be in vitro artifacts.
Although heterologous and intrinsically less efficient than
in vivo, the in vitro system nonetheless pointed to potential
alternative outcomes of PrP translocation. Thus, the in
vitro results can be viewed as having grossly exaggerated
the inefficiencies that would presumably also occur in vivo,
but at markedly lower levels.

Subsequent studies analyzing the molecular basis of
PrP translocation [19-23] revealed more precisely the
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Figure 1. Overview of PrP¢ and PrPS¢ metabolism. Nascent PrP (green line) is synthesized at the ER and imported into the ER lumen, where it is processed and folded into its
final conformation (green triangle). Properly folded PrP is trafficked through the Golgi to the cell surface. Cell-surface PrPC recycles through endosomes, eventually being
degraded in lysosomes with a half-life of ~3-6 h. The lower right shows the consequences of extrinsic PrPS° (red square). PrP¢ and PrPS° can interact, and both can be
internalized into endosomes. Although the location is poorly defined, PrPS¢ converts PrP€ into additional PrPS¢. Because PrPS® has a longer half-life (~24 h) for lysosomal
degradation, it can accumulate to relatively high levels in intracellular compartments of the endo-lysosomal system.

nature and mechanisms of cytosolic and transmembrane
PrP generation (Figure 2). As PrP begins synthesis, its N-
terminal signal sequence is recognized by signal recog-
nition particle and the entire ribosome-nascent chain
complex is delivered to the ER. The next step, in which
the signal interacts with the Sec61 translocation channel,
proved to be incompletely efficient. Whereas model signal
sequences, such as the one from the hormone prolactin,
efficiently interacted with and gated open the Sec61 chan-
nel, the PrP signal was less effective. Consequently, a
subpopulation of PrP slipped out of the Sec61 channel,
either before or shortly after initiating translocation, and
was exposed to the cytosol. Because these events occur co-
translationally, continued protein synthesis releases the
nascent PrP polypeptide further into the cytosol through a
gap between the ribosome and Sec61.

Eventually a central hydrophobic domain (HD; residues
~112-135) emerges from the ribosome. For polypeptides
that did not slip out of the Sec61 channel at the earlier step,
this domain is predominantly translocated through the
Sec61 channel, resulting in fully translocated PrP that
subsequently becomes attached to the inner leaflet of
the lipid bilayer via a GPI anchor [19,21,23]. However,
translocation of the HD through the translocon is not
completely efficient in vitro, and a population of it inserts
into the membrane, generating N*™PrP, of which the N-
terminus resides in the ER and the C-terminus resides in
the cytosol [18-21]. Although this form also might be
generated at very low levels in vivo, it has not been studied
and, therefore, is not discussed further in this review.

For the minor fraction of PrP that slipped out of the
translocon, the HD can potentially engage the Sec61 com-
plex in a manner analogous to a signal sequence. This
results in translocation of the C terminus and membrane
insertion of the HD, generating a transmembrane form
denoted “*™PrP [18-21]. If the HD does not engage the
translocon, PrP is released in the cytosol to generate

cytosolic PrP (cyPrP). Thus, inefficiency in the signal-
Sec61 translocon interaction leads to a small proportion
of PrP molecules being made in either the cytosol or, to a
lesser extent, as ““™PrP [19]. As might be predicted,
increasing the hydrophobicity of the HD will enable it to
better engage the translocon, generating more “*PrP
[18,21,23]. Conversely, decreasing HD hydrophobicity
decreases ““PrP production. In addition, improving or
weakening the signal-Sec61 interaction leads to less or
more cyPrP and ©“PrP generation, respectively [19-23].
Thus, a combination of the signal and HD, and their
relative efficacies in engaging Sec61, determines the
amount of cyPrP and ““™PrP that are generated [21,23].
In addition to the analysis of cis-acting sequences within
PrP, parallel studies analyzed the machinery required to
translocate PrP across the membrane. In addition to Sec61,
reconstitution studies showed that the translocon-associ-
ated protein (TRAP) complex stimulates PrP translocation
at the crucial step of signal-mediated initiation of transport
[24]. Other factors, such as the translocating chain associ-
ating membrane protein (TRAM), might also maximize the
functionality of certain signal sequences in initiating
translocation [25]. Thus, the picture that has emerged of
PrP translocation from these in vitro studies is one of
relative inefficiency and unexpected dependence on
additional factors not required by ‘model’ proteins.

In vivo analyses of PrP translocation and metabolism

Analyses of these same events using in vivo systems is
challenging because of their relatively diminished manipul-
ability. Nonetheless, slightly inefficient PrP translocation
can indeed be detected if the degradation of the non-trans-
located (and, hence, non-glycosylated and non-processed)
population is prevented by proteasome inhibitors [26-29].
That this cyPrP accumulation results from failed transloca-
tion (as opposed to retrotranslocation from the ER lumen)
can be readily demonstrated by replacing the PrP signal
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Figure 2. Summary of the co-translational targeting and translocation of PrP into the ER, highlighting key steps that lead to the generation of its multiple isoforms. (a) Line
diagram of PrP showing the location of its N-terminal signal sequence (blue), central hydrophobic domain (HD; black) and C-terminal GPl-anchoring sequence (red). (b)
Important steps in PrP translocation taken by the majority (~80%) of molecules. As the N-terminal signal sequence emerges from the ribosome, it is recognized by the
signal recognition particle (SRP) and targeted to the Sec61 translocon. The signal sequence then interacts with Sec61 and, with the aid of accessory factors such as TRAM
and TRAP, gates open the Sec61 channel to initiate translocation. Forward transport into the lumen (or prevention of slippage back to the cytosol) might require
chaperones. Sites of known or potential inefficiency of the signal sequence that lead to slipping of the N terminus into the cytosol are indicated by red asterisks. During
translocation in vitro, some PrP molecules insert into the membrane to generate N'™PrP, a poorly studied form of which the relevance or existence in vivo remains to be
studied. CHO denotes N-linked glycans. (¢) Consequences of signal inefficiency. The ellipsis in place of the signal sequence indicates that both signal-containing and signal-
cleaved molecules can be generated, depending on the precise step at which PrP slipped in part (b). Engagement of the translocon by the HD generates ©“™PrP, whereas lack
of engagement results in cyPrP. Ctmprp is typically a minor species, but it can be increased by mutations that raise HD hydrophobicity. Shown below each PrP species are
their relative amounts thought to be generated in cells (not necessarily their steady state levels). Lysosomal degradation is presumed but has not been experimentally

demonstrated yet.

sequence with signals from proteins predicted to be more
efficiently translocated. In this instance, proteasome inhi-
bition leads to little or no cyPrP accumulation [28].

Furthermore, sensitive assays to detect the non-trans-
located population (by fusion to a reporter that is only
active in the cytosol) revealed that the PrP signal is indeed
slightly inefficient compared with those from model
proteins [30]. Thus, PrP signal inefficiency from in vitro
studies can be verified in cells, but so too can the relative
disparities among signal efficiencies. In addition, as pre-
dicted from in vitro studies, manipulating HD hydropho-
bicity and/or the signal sequence can influence the
generation of ®™PrP in predictable ways [23,31]. Unlike
cyPrP, ““™PrP is likely to be degraded in the lysosome in
vivo, as is typical for membrane proteins that leave the ER
(as °*™PrP apparently does [18,32]). These findings suggest
that, although artifactually exaggerated in vitro, the basic
model of PrP translocation for ®“PrP and cyPrP bio-
genesis is likely to be valid in vivo.

More puzzling, however, is the issue of why PrP (and, as
it turns out, many other proteins) contains a less than
perfect signal sequence, the proper function of which
depends on accessory factors. One possibility is that it
serves a regulatory purpose: by making a decisive step
in translocation depend on multiple factors, the cell can
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selectively regulate the entry of proteins into the ER under
different conditions [33]. Recent studies show that PrP
translocation efficiency indeed does change under different
conditions, being selectively reduced during ER stress
[34,35]. Remarkably, the ER stress-induced changes in
PrP translocation depend on its signal sequence [34].
Replacing the native PrP signal with a more efficient model
signal permitted efficient translocation even during ER
stress. This forced constitutive translocation caused PrP to
misfold in the ER lumen during ongoing stress, in lieu of
being degraded in the cytosol. Because misfolded PrP in
the ER seems to be a poor substrate for ER-associated
degradation, this misfolding decreases cell viability [34].
Interestingly, under a different type of stress (proteasome
inhibition), an efficient signal sequence on PrP was
beneficial because it precluded the accumulation of cyPrP
aggregates [28]. Thus, it seems that PrP tolerates some
inefficiency in its signal sequence under normal conditions
(and the potential risk of toxicity during impaired protea-
somal degradation) because of the advantage it provides
during ER stress [34].

These analyses of PrP biosynthesis in vitro and in cells
lead to several conclusions. First, in addition to the major
population of properly translocated, glycosylated and pro-
cessed PrP, minor cytosolic and transmembrane forms are
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generated. Second, production of cyPrP and “*PrP results
from intrinsic inefficiencies in normal biological reactions
(i.e. the interaction between the signal sequence of PrP and
the Sec61 translocon). Third, these minor species, owing to
their low abundance and transient existence, are difficult
to detect in vivo without additional manipulation. Fourth,
the increased complexity of PrP biosynthesis instigated by
low-level basal cellular inefficiencies enables cells to con-
trol PrP transloction. And fifth, regulatable PrP transloca-
tion is apparently important for avoiding excessive PrP
misfolding during conditions such as ER stress, thus pro-
viding an explanation for why the weakness of the PrP
signal sequence has been evolutionarily conserved [20,21].

Deviation from normal levels of PrP forms can cause
neurodegeneration

Remarkably, ©™PrP and cyPrP, although apparently low-
level normal byproducts of PrP biosynthesis, can be detri-
mental in larger amounts in vivo. Mutations that increase
the hydrophobicity of the HD lead to increased “*™PrP in
vitro, in cultured cells and in transgenic mice. Although
Ctmp,p Jevels in wild-type mice are very low (~1% of total),
the levels in HD mutants can range from 5-20% of total
PrP [36]. A strong correlation between “®PrP levels and
the severity of neurodegenerative disease suggests that
this form of PrP can be harmful to a subset of cells in the
central nervous system [18,36,37]. Subsequent studies
that further exaggerated ““™PrP production by a combi-
nation of a weakened signal sequence and increased HD
hydrophobicity led to an even more severe neurodegenera-
tive phenotype in mice [37]. This finding not only further
validated the model of PrP biosynthesis in vivo but also
lent additional support to the idea that elevated ““™PrP
levels are detrimental. Importantly, at least five naturally
occurring mutations in human PRNP (resulting in Pro105-
Leu, Glyl14Val, Alal17Val, Gly131Val and Alal33Val)
have been found that increase HD hydrophobicity, and
one of these (Alal17Val) causes neurodegeneration when
expressed in mice [36]. Thus, this normally minor species
can have arole in at least some forms of naturally occurring
PrP-mediated neurodegenerative disease.

What about the cytosolic form of PrP? Here, too, analysis
of transgenic mice and human disease mutants suggests
that increased levels can be detrimental. Although non-
physiologic, expression of a PrP mutant that lacks the
signal sequence (and, hence, produces exclusively cyPrP)
causes an atypical neurodegenerative disease in mice [38].
More recently, a mild neurodegenerative disease was
observed in mice expressing a version of PrP that contains
a less efficient signal sequence (designed to mimic the
reduced PrP translocation seen during ER stress) [31].
In both cases, the steady-state cyPrP levels in the brain
were very low (but detectable), which is consistent with its
rapid proteasomal degradation as expected from cell-cul-
ture studies. In humans, two nonsense mutants in PRNP
(at residues 145 and 160) that are associated with neuro-
degeneration seem to generate increased cyPrP owing to
inefficient translocation into the ER [39,40].

Curiously, the adverse consequences of cyPrP seemed to
be highly regional and cell-type specific despite widespread
expression within and outside the central nervous system
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[31,38]. Indeed, cyPrP expression in cultured cells showed
toxicity in some studies [38] but was inert or even protec-
tive in others [41,42]. Furthermore, there might be cell
types that naturally express cyPrP in vivo [43], perhaps
indicating a normal function in some contexts. Although
the full role of cyPrP remains to be elucidated, it seems
clear that, like ©™PrP, very low amounts are potentially
cytotoxic in a tissue-specific (primarily the central nervous
system) and cell-type-selective (specific subsets of neurons)
manner in vivo. At least one of these forms is associated
with some familial forms of neurodegeneration caused by
PRNP mutations [36]. Importantly, neither cyPrP nor
Cmpyp s transmissible [36,44]. They apparently elicit
their effects by causing some type of proteinopathy, in
which increased levels of an aberrant form of a normal
protein cause cellular dysfunction (by downstream mech-
anisms that remain to be elucidated). What seems clear is
that among the various naturally occurring forms of PrP,
these two forms are most directly implicated in neurotoxi-
city and are causative of neurodegeneration.

Linking PrP metabolism to neurodegeneration in
transmissible prion diseases

How then does our understanding of PrP biosynthesis and
metabolism, combined with the (still limited) insight into
non-transmissible neurodegenerative illnesses seen in cer-
tain transgenic mouse models, provide any insight into
transmissible prion disease? One possibility is that the two
are, in fact, completely unrelated; perhaps the phenotypes
caused by cyPrP or ““™PrP share little or no mechanistic
commonalities with transmissible (i.e. PrPS-mediated)
prion diseases. Certainly, it is abundantly clear that
neither “™PrP nor cyPrP favors spontaneous conversion
to PrP5°, making a connection in this direction unlikely
[36,44]. However, it remains a plausible hypothesis that
PrP%° accumulation might, either directly or indirectly,
lead to the increased generation or stabilization of cyPrP
and/or ““™PrP (Figure 3). Given that both cyPrP and
Ctmprp are known to be detrimental in larger than normal
amounts, their accumulation could cause cellular dysfunc-
tion in some cell types.

A key to this hypothesis is that PrP5° accumulation
should have effects that impinge on cyPrP and/or “*“PrP
metabolism. At least three possibilities have been
described. First, it has long been known that PrPS
accumulates (and perhaps is generated) at endosomes
and lysosomes [9,45-47]. Although the consequences of
its accumulation here have been poorly studied, several
lines of evidence suggest impairment of several lysosomal
functions. For example, components normally degraded in
the lysosome, such as lipofuscin, increase upon PrPS°
accumulation. In addition, lysosomal hydrolases are upre-
gulated in PrP5¢infected tissue, which is perhaps indica-
tive of a cellular response to lysosomal insufficiency
[46,48]. ©“™PrP, which traffics to post-ER compartments
of the secretory pathway (and, hence, acquires Golgi-
specific modification [18,32]), probably relies on lysosomal
function for its degradation. Second, PrP*¢ accumulation
causes upregulation of various genes involved in ER func-
tion [49]. Such gene-expression patterns are often observed
after activation of the unfolded protein response, and,
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Figure 3. Speculative working model of prion disease pathogenesis. Templated replication of PrPS® from PrPC leads to PrPS¢ accumulation. This has several indirect
consequences for cellular function, three of which are indicated. The effect of each consequence on nascent PrP metabolism is listed, along with the net result of increased

cyPrP and ©™™PrP, which are both capable of causing neurodegeneration.

indeed, studies in cell culture showed that PrP¢, perhaps
via Ca*™ homeostasis dysregulation, causes ER stress [50].
Therefore, ER stress might have a role in transmissible
prion disease [49]. PrP translocation into the ER is
decreased during ER stress, resulting in increased cyPrP
production [34,35]. Third, reduced proteasome system
activity, a common feature of many neurodegenerative
diseases, also occurs during the course of prion disease
and PrP5¢ accumulation [51].

Thus, there seem to be at least three plausible ways to
tie PrP%¢ to downstream cellular toxicity via cyPrP or
CmprP. In one study, the role of ER-stress-mediated
increases in cyPrP in neurodegeneration was investigated.
Transgenic mice were produced that express, at modest
levels, a version of PrP with reduced translocation at levels
expected to occur during mild ER stress. This manipula-
tion alone was sufficient to cause a mild neurodegenerative
disease [31]. Of course, PrP® accumulation has effects
beyond just ER stress, including proteasome inhibition
[51]. Thus, reduced translocation combined with partial
proteasome impairment could cause a more severe pheno-
type. Another study observed a correlation between “**PrP
production and the apparent toxicity of PrPS® in mice [36]:
an HD mutant that leads to a slight increase in “*™PrP
production was highly sensitive to PrPS accumulation,
succumbing to infection by ~60 days (as compared with
~75 days for mice expressing wild-type PrP at comparable
levels). By comparison, a PrP mutant that produces lower
than normal levels of ““™PrP tolerated greater PrP>
accumulation before showing disease at over 300 days.
Indirect assays showed that ©™PrP levels might increase
concomitantly with PrPS¢ accumulation [36]. These results
are consistent with the notion that PrP5¢ accumulation can
stabilize (or possibly increase the production of) “*PrP
and that the resulting increase in “™PrP levels leads to
adverse downstream consequences.

A testable model for prion disease pathogenesis

A potentially unifying model of prion disease pathogenesis
can, therefore, be proposed (Figure 3). In this model,
transmissible prion diseases are characterized by PrP%,
which upon interaction with host PrPC causes its conver-
sion to additional PrPS¢ [1-3]. This conversion occurs in
myriad different ways depending on subtle differences in
PrP%° folding (i.e. ‘strains’ of prions), thereby influencing
their location of accumulation (i.e. which regions of the
brain are affected). The accumulated PrP%, again in a
strain-dependent manner, would influence several cellular
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processes to varying extents including ER stress [49],
proteasome activity [51] and lysosomal function [46].
The severity of each perturbation is likely to be cell-type
dependent given that the capacities and susceptibility to
perturbation of each of these pathways vary widely. Con-
sequently, the normally minor cyPrP and “*™PrP isoforms
experience increased generation and/or decreased degra-
dation. These isoforms, the transgenic expression of which
elicits cell-type-selective effects [18,31,36-38], could have
several downstream consequences. Because each of these
events affects different cell types to different extents, it is
possible that the most severe pathology will only be seen
where multiple consequences intersect. Such a require-
ment might explain the regional pathology often observed
in these diseases.

An important feature of this model is that it is eminently
testable. As additional mechanistic insights are gained
into PrP biosynthesis and degradation, specific events
hypothesized to have a role in disease can be manipulated
and tested in vivo. For example, in vitro and cell-culture
studies indicate that ““™PrP generated by disease-causing
HD mutants requires the slightly inefficient PrP signal
sequence [19-21]. The utilization of more efficient signal
sequences [20,30] should make it possible to reduce “*™PrP
generation [19]. It will then be possible to test in transgenic
mice whether the effects of the HD mutant stem solely from
Ctmprp production or through other mechanisms (e.g. on
PrP folding or some unknown activity). Similarly, the
contribution of reduced PrP translocation during ER stress
to PrP°-mediated neurodegeneration can be tested by
generating mice that express a version of PrP of which
the translocation is constitutively efficient. Thus, one of the
most practical consequences of a mechanistic understand-
ing of PrP cell biology will be the tools it provides for testing
various hypotheses with very high specificity.

Similarly, other minor forms of PrP (generated by ineffi-
ciencies in other cellular processes) could remain to be
elucidated. These could include misfolded (but normally
translocated) molecules of PrP that, although normally
constituting a very small population, could be increased
in the case of inherited disease-causing mutants or adverse
cellular conditions. Such a hypothesis has often been
invoked to explain altered metabolism, trafficking or bio-
chemical behavior of various natural and disease-causing
mutants [27,52-59]. Although most studies attempt to
determine whether a given misfolded population shares
‘PrP5¢.like’ features, these assays are typically nonspecific
(e.g. relative protease-resistance and insolubility) and
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cannot be equated to infectivity. Instead, the connection
between the misfolded PrPs (e.g. as caused by any of various
inherited PrP mutants) and PrP5 might be more indirect.
Thus, it would be a worthwhile endeavor to fully character-
ize the molecular events involved in misfolded PrP gener-
ation, trafficking and degradation so that they can be
manipulated selectively to test their role in disease.

Concluding remarks and future perspectives

A common theme that emerges from this model of neuro-
degeneration is that inappropriate PrP localization can be
detrimental. In considering ®*®PrP, PrP is mislocalized in
two ways: (i) it is embedded in the membrane and (ii) it
might reside in different cellular locales than PrP. Cyto-
solic PrP localizes to an entirely different cellular compart-
ment than normal. In both cases, at least part of PrP (the N
terminus) is exposed to the cytosol, an environment that
typically does not see PrP at all. Why might this misloca-
lization be detrimental in a dominant manner? The simplest
mechanism is that a protein in an incorrect environment
makes inappropriate interactions that disrupt or otherwise
alter the functionality of the interacting partners. For
example, it could titrate both protein and non-protein cel-
lular factor(s), change the biochemical activity of key factors,
initiate inappropriate signaling cascades or disrupt cellular
structures [60-62]. Intriguingly, it was recently demon-
strated that mice lacking HSF1, a key regulator of the
cytosolic stress response, are more susceptible to the
adverse consequences of PrP¢ [63], perhaps pointing to
the cytosol as a site of dysfunction during disease.

But are such dramatic effects really plausible from such
minor species of PrP? The answer to this question depends
not only on the proportion of PrP in these minor forms but
also on their absolute amounts. Protein abundances in a
typical cell span around five orders of magnitude between
the least and most abundant. PrP, at least in the central
nervous system, is present at the higher end of abundance,
estimated at between 70 and 400 micrograms per gram of
total protein [64,65] (thus, ~0.01% to 0.04% by mass;
perhaps higher in molar amounts). Because there are
several crucial cellular factors, the levels of which are more
than two orders of magnitude lower than that of of PrP,
even 1% of normal PrP levels (i.e. ~1 microgram per gram
of total protein) would exceed their abundance. Thus,
seemingly low levels of cyPrP or “™PrP (as judged by
proportion) are not trivial and can easily have substantial
consequences including physical titration of cellular fac-
tors. Precisely such mechanisms are beginning to emerge
in other examples of protein-misfolding diseases.

For example, animal models of polyglutamine diseases
suggest that misfolded-protein aggregates can sequester
specific transcription factors, cytoskeletal proteins, autop-
hagy factors, degradative proteins and molecular chaper-
ones [66]. Even a transient association, as is observed
between heat shock protein 70 and polyglutamine aggre-
gates, could have downstream consequences including
decreased fidelity of protein folding or quality control
[67]. Toxic sequestration models have also been suggested
for familial amyotrophic lateral sclerosis, Alzheimer dis-
ease and Parkinson disease, although the basis for these
heterologous molecular interactions is less well estab-
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lished. Thus, elucidating putatively inappropriate inter-
actions of a misfolded, misprocessed or mislocalized
protein is likely to be essential in understanding the
mechanisms underlying dominant neurodegenerative dis-
eases. Unraveling such protein—protein interactions for
cytosolically exposed PrP could be an important crucial
step in further understanding the actual pathway for the
onset of neuropathogenesis in prion diseases. A compre-
hensive and quantitative understanding of normal PrP cell
biology, detailing its sorting, trafficking, interactions and
degradation, will continue to yield new insights into how
its derangement can lead to disease.
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